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Abstract 
The steady-state and dynamic-state discharge processes have been discussed to develop a superconducting magnetic 
energy storage (SMES) model in the paper. The SMES model allows the integrated analysis and optimization of the 
SMES devices, and their control systems, and can also serve as an independent storage module in the practical SMES 
application circuits, thus provide a method to link superconductivity technology to conventional power electronics in 
a SMES device. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
Currently the theoretical and experimental studies of superconducting magnetic energy storage (SMES) 
technology mainly focus on the optimization and fabrication of the SMES devices, and the interactive 
influences between the SMES devices and power system. Various structure optimization [1,2] and system 
control algorithms [3] have been introduced to optimize the practical SMES devices and to achieve the 
optimal power compensation effects for power system. However the study on the dynamic energy 
exchange process, which is closely related to the SMES operation parameters (e.g., magnetic field, AC 
loss, electromagnetic force) and power compensation effects, has not received considerable attention yet. 
In the work [4], a SMES theoretical model has been proposed to optimize the SMES systems and their 
control systems by the integrated analysis on the steady-state and dynamic-state energy exchange process 
 * Corresponding author. 
E-mail address: chenxy@uestc.edu.cn 
Available online at www.sciencedirect.com
© 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of the Guest Editors.
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
996   Xiao Yuan CHEN and Jian Xun JIN /  Physics Procedia  36 ( 2012 )  995 – 1001 
and to provide a method to link superconductivity technology to conventional power electronics in a 
SMES device.  
In this paper, the modeling and application discussions of the SMES model are presented. The steady-
state and dynamic-state discharge processes are discussed in Section 2 and Section 3. The SMES model is 
then presented for practical applications. 
2. Analysis on the steady-state discharge process 
Assume that the initial stored energy in a SMES system is E0 = 0.5L(I0)2, the power demand from the 
external power system at random time t is Pr(t) = Ur(t)Ir(t) = [Ir(t)]2Rr(t), the steady-state discharge 
process of the SMES system can be described as follows: 
(1) if I(t)  Ir(t), the output power of the SMES system PR(t) = Pr(t), the decreasing current through the 
superconducting coils I(t)  [(I0)2Pr(t)dt / L]0.5. However the expression of Pr(t) for practical power 
compensation is normally unavailable. The solution is to divide the discharge time period [0, T] into N
time segments, i.e., [0, t1], [t1, t2], …, [tN-1, tN], so that the expression of Pr(t) is specific in each time 
segment, i.e., Pi(t) in the ith time segment [ti-1, ti]. Thus the decreasing current through of the 
superconducting coils Ii(t) in the ith time segment can be calculated by 
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When the voltage interruption occurs in the power system, the SMES system is usually required to 
output sinusoidal power, e.g., Prsin[100πt - (n - 1) π], n = 1, 2, 3, …, N. The above subsection integration 
method can be applied to calculate I(t) at a random time. For instance, the first power compensation 
period can be divided into two part: Prsin(100πt) when 0  t  0.01 s, Prsin(100πt - π) when 0.01 s < t 
0.02 s. The variational curves of PR(t) and I(t) are shown in Fig. 1(a).  
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(a)                                                                                                    (b) 
Fig. 1. The variational curves of PR(t) and I(t) during the steady-state discharge process  
But in some other power compensation occasions, e.g., random voltage fluctuation, voltage fluctuation, 
the expressions of Pr(t) can not be acquired by dividing the whole discharge time period into several time 
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segments. The solution is to make N ĺ , Pi(t)§ Pi (a constant), thus Ii(t) in the ith time segment can be 
calculated by   But in some other power compensation occasions, e.g., random voltage fluctuations, the 
expressions of Pr(t) can not be acquired by dividing the whole discharge time period into several time 
segments. The solution is to make N ĺ , Pi(t)§ Pi (a constant), thus Ii(t) in the ith time segment can be 
calculated by 
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As shown in Fig. 1(b), PR(t) and I(t) when N = 10 (brown lines) are more close to the ideal red lines as 
comparison to the green lines when N = 5.  
(2) if I(t) < Ir(t), PR(t) = [I(t)]2Rr(t) < Pr(t), the discharge process can be equivalent to the zero-input 
response of the RL series circuit, I(t) = I0exp[-Rr(t)dt / L]. Similarly, the subsection integration method 
can also be adopted if the expression of Rr(t) is not specific. 
3. Analysis on the dynamic-state discharge process 
In the practical power compensation process, PR(t) is dynamically adjusted by DC-link capacitor (C), 
DC chopper and persistent current switch (PCS). As shown in Fig. 2, the dynamic-state discharge process 
of the SMES system can be described as follows:  
  
(a)                                              (b) 
Fig. 2. The equivalent SMES circuits during the practical discharge process: (a) energy discharge state; (b) 
energy storage state 
3.1. Dynamic constant-power discharge process 
(1) When PR(t) < Pr(t), the SMES system is operated at energy discharge state, the superconducting 
coils discharge the energy to the load through DC-link capacitor, I(t) = IC(t) + IR(t). Assume that the 
power demand is Pr = UrIr = (Ir)2Rr (a constant), the circuit equation in Fig. 2(a) is LCd2I(t)/dt2 + (L / Rr)
dI(t)/dt + I(t) = 0, I(t) thus can be calculated by 
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where Į = 1 / (2RrC), Ȧ = 1 / (LC)0.5, Ȧd = (Ȧ2 - Į2)0.5, A1 = {I0[-Į + (Į2 - Ȧ2)0.5] + U0 / L} / [2(Į2 - Ȧ2)0.5], 
A2 = I0 - A1, B1 = I0, B2 = ĮI0 - U0 / L, C1 = I0, C2 = (ĮI0 - U0 / L) /Ȧd, I0, the initial current through the 
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superconducting coils; U0, the initial voltage across the load. The corresponding IR(t) can be calculated by 
IR(t) = - (L / R)dI(t)/dt. 
(2) When PR(t) Pr(t), the SMES system is operated at energy storage state, the discharge process can 
be equivalent to the zero-input response of the RC series circuit, IC(t) = IR(t) = U0exp(- t / RrC). 
To analyze the dynamic discharge process, a new response time concept tr of the SMES system is 
introduced in the work. Assume IR(t) = Ir(t) when t = tr1, and the SMES system changes its operation 
status (discharge state ↔ storage state) when t = tr2, thus tr = tr2 ̢ tr1. As shown in Fig. 3, the results of 
the constant-power discharge process indicate: i) I(t) decreases at discharge state (blue lines) and remains 
unchanged at storage state (yellow lines); ii) IR(t) increases at discharge state (red lines) and decreases at 
storage state (green lines); iii) Owning to the existence of tr, the maximum current through the load IRmax
is larger than Ir after discharge state, the minimum current through the load IRmin is smaller than Ir after 
storage state; iv) IRmax decreases along with the discharge periods, IRmin [= IrRrexp(tr / RrC)] is a constant. 
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Fig. 3. The dynamic variational curves of IR(t) and I(t) in the constant-power discharge process 
3.2. Dynamic varying-power discharge process 
Assume that the power demand is Pr(t) = Ur(t)Ir(t) = [Ir(t)]2Rr(t), the circuit equation in Fig. 2(a) is 
LCd2I(t)/dt2 + [L / Rr(t)] dI(t)/dt + I(t) = 0. The calculation process and its solutions are very complex, 
thus the subsection calculation method is introduced in the work. If N ĺ , Ri(t)§ Ri (a constant), the 
circuit equation in the ith time segment can be approximately equivalent to LCd2I(t)/dt2 + (L / Ri) dI(t)/dt
+ I(t) = 0. When Į > Ȧ, Ii(t) can be calculated by 
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where i = 2, 3, 4,…,N; A2i-1 = {I0[-Į + (Į2 - Ȧ2)0.5] + U0 / L} / [2(Į2 - Ȧ2)0.5], A2i = I0 - A1, I0 = A1exp{[-Į + 
(Į2 - Ȧ2)0.5]t1} + A2exp{[-Į + (Į2 - Ȧ2)0.5]t1} for the calculation of A3 and A4, I0 = A2i-1exp{[-Į + (Į2 -
Ȧ2)0.5](ti - ti-1)} + A2iexp{[-Į + (Į2 - Ȧ2)0.5](ti - ti-1)} for the calculation of A3i-1 and A3i, U0 = A1[-Į + (Į2 -
Ȧ2)0.5]exp{[-Į + (Į2 - Ȧ2)0.5]t1} + A2[-Į + (Į2 - Ȧ2)0.5]exp{[-Į + (Į2 - Ȧ2)0.5]t1} for the calculation of A3
and A4, U0 = A2i-1[-Į + (Į2 - Ȧ2)0.5]exp{[-Į + (Į2 - Ȧ2)0.5](ti - ti-1)} + A2i[-Į + (Į2 - Ȧ2)0.5]exp{[-Į + (Į2 -
Ȧ2)0.5](ti - ti-1)} for the calculation of A3i-1 and A3i. Similarly, Ii(t) when Į Ȧ can also be calculated 
according the above calculation process. 
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As shown in Fig. 4, the results of the varying-power discharge process indicate: i) In the random four 
time segments during the discharge periods, [ti-1, ti], [ti, ti+1], [ti+1, ti+2], [ti+2, ti+3], the approximate current 
demands are Ii = Ir(t = ti), Ii+1 = Ir(t = ti+1), Ii+2 = Ir(t = ti+2), Ii+3 = Ir(t = ti+3), thus the variational curves of 
IR(t) and I(t) in each time segment can be calculated by (4); ii) If Pr(t) increases monotonously, IRmax
becomes closer to Ir(t), IRmin decreases more sharply along with the discharge periods. 
Fig. 4. The dynamic variational curves of IR(t) and I(t) during the varying-power discharge process 
4. The SMES model and its applications 
Based on the above analyses, the SMES model has been developed in the work, as shown in Fig. 5. 
The input signals of the SMES model include: SMES parameters - L, I0, Imax, U, D; power demand signals 
- Pr(t), Ur(t), Ir(t), Rr(t); feedback signals - I(t), PR(t), UR(t), IR(t). The feedback signals from the output of 
the SMES model are applied to decide the next operation state and achieve the conversion among 
different operation states.  
Fig. 5. The skeleton of the developed SMES model 
When Pr(t) = 0, the SMES model is operated at charge state or storage state: if I(t) < Imax, charge state, 
I(t) = DUt / L + I0, where D is the pulse duty cycle of the charging power supply U; if I(t) = Imax, storage 
state. When Pr(t) > 0, the SMES model is operated at discharge state or storage state: if IR(t) < Ir(t), 
discharge state; if IR(t) Ir(t), storage state. The SMES model has two discharge modes: steady-state 
discharge mode and dynamic-state discharge mode, as shown in Fig. 6. In the steady-state discharge 
mode, if IR(t) < Ir(t) and I(t) Ir(t), P(t) = Pr(t); if IR(t) < Ir(t) and I(t)< Ir(t), P(t) = [I(t)]2Rr(t). In the 
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dynamic-state discharge mode, if IR(t) < Ir(t) and I(t) Ir(t), PR(t) increases to (IRmax)2Rr(t) in the 
discharge state, then the operation status of the SMES system changes to storage state, PR(t) decreases to 
(IRmin)2Rr(t), the operation status changes to discharge state again, and the discharge process can be 
achieved by such cyclic operations; if IR(t) < Ir(t) and I(t)< Ir(t), P(t) = [IR(t)]2Rr(t). 
  
(a)                                                                                            (b) 
Fig. 6. The two discharge modes: (a) steady-state discharge mode; (b) dynamic-state discharge mode 
Assume that the simulation parameters are as follows: L = 2 H, I0 = 1 kA, U = 2000 V, D = 100%, Pr(t) = 
500 kW during the time period [0, 2 s], Pr(t) = sin[10πt - (n - 1)π] MW during [3 s, 4.4 s], n = 1, 2, 3, …, 
14, U0 = 996 V, C = 0.125 F, tr = 1 ms. The steady-state analysis results shown in Fig. 7 indicate: PR(t) = 
500 kW before 1.5 s, however PR(t) = 500exp(-2t) kW during [1.5 s, 2 s]; I(t) increases to 1 kA and then 
remains unchanged during [2 s, 3 s]; PR(t) = sin[10πt - (n - 1) π] MW during [3 s, 4 s]; I(t) increases to 1 
kA and then remains unchanged during [4 s, 4.5 s]. During the dynamic-state discharge process, when the 
SMES system is operated at discharge state [see Fig. 2(a)], I(t) = [I0 + (2I0 - 498)t]exp(-2t), IR(t) = 2I0 + 
(2I0 - 498)exp(-2t); when the SMES system is operated at storage state [see Fig. 2(b)], I(t) = I0, IR(t) = 
U0exp(- 4t). For instance, in the first discharge period, I0 = 1 kA, U0 = 996 V, UR(t) = 1000V at 0.00066s, 
UR(t) = 1005.994 V at 0.00166s, I(t) = 997.998 A at 0.00166s; In the first storage period, I0 = 997.998 kA, 
U0 = 1005.994 V, UR(t) = 1000V at 0.0015s, UR(t) = 996 V at 0.0025s, I(t) = I0 = 997.998 A. The 
operation parameters in the following discharge and storage periods can be calculated similarly. 
Fig. 7. The simulated operation curves during the constant-power and varying-power discharge periods 
In sum, the steady-state discharge mode can be used to obtain the steady-state energy exchange status 
between the SMES system and external power system. If the power demand data from the external power 
system are given, the data can be input the SMES model to optimize the parameters of the SMES system 
(e.g., L, Imax) so that the designed SMES system can satisfy the power demand. The stored energy of the 
SMES system and its output power at any time can be calculated precisely with the dynamic-state 
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discharge mode. A reasonable response time of the practical SMES control system can be obtained by 
calculating the compensation power fluctuations between (IRmin)2Rr(t) and (IRmax)2Rr(t). The dynamic-state 
discharge mode is also very favorable for the calculations of the instantaneous operation parameters in the 
SMES system, e.g., magnetic field, AC loss, electromagnetic force, etc..  
5. Conclusions 
The steady-state and dynamic-state discharge processes have been discussed to develop a SMES 
model in the paper. The SMES model can be applied to analyze the power exchange between the SMES 
system and the external power system, and to achieve the integrated analysis and optimization of the 
SMES system for satisfying the external power demands. Furthermore, the SMES model having 
independent input-output relationships can serve as an independent storage module in the SMES 
application circuits, thus provides a method to link superconductivity technology to conventional power 
electronics in a SMES device.
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